Summary. The iodination of Gorleben and synthetic humic substances (HS) was studied complementarily by UV-visible and X-ray Photoelectron Spectroscopy (XPS). The I 2 (aq) consumption kinetics could neither be linearly correlated to [H + ] nor to HS concentration as already observed in the literature. Nevertheless, the electrophilic substitution mechanism was further evidenced by the production of both I 3 − and I − , leading to a covalent bonding. The XPS analysis of the iodinated samples confirmed the covalent bonding between iodine and carbon of HS for all the samples.
Introduction
Radioisotopes of iodine ( 125 I, 129 I, 131 I) are important radionuclides in nuclear safety as they represent one of the most significant release from a reactor accident, and for their toxicological impact [1] [2] [3] . From the French radioactive waste management point of view, 71% of the total 129 I inventory is part of the high level waste and 29% is part of the intermediate level waste. Iodine is considered as mobile because it is neither (or poorly) controlled by solubility nor sorbed on any mineral phase under geological conditions considered [4] . Most of iodine intake occurs by drinking water [5] , and therefore assessing the bioavailability of dissolved iodine is essential.
The interaction of iodine with natural dissolved organic matter in general and with humic substances (HS) in particular, has been the subject of numerous studies. It has come to a consensus that in soils as well as in aquatic systems, the speciation of iodine is closely related to the redox potential of the medium. In oxidizing media, as in sea water or upper horizons, the major part of iodine is found in iodate form IO 3 − , whereas in reducing media, iodide I − is the major specie. It has been demonstrated that I − do not interact with HS [6, 7] . Nevertheless, it has been shown that in some cases, organically bound iodine can dominate the *Author for correspondence (E-mail: pascal.reiller@cea.fr). **Present address: IPN -15, rue Georges Clemenceau, 91406
Orsay Cedex speciation either as methyl iodide [8] or bounded to humic substances [5, [9] [10] [11] [12] . It is now also clear that this reactivity is closely related to the occurrence of molecular iodine I 2 (aq), and its disproportionation to HIO and I − , either after reduction from IO 3 − [13] or after oxidation of I − [7, 12] .
In fact, the reaction scheme can be viewed as an electrophilic substitution of hydrogen by iodine atom on a phenolic ring [14] . This reaction is well known to lead to trihalomethane [15, 16] . This scheme has been validated in the case of HS on different samples [6, 17] , and the covalent character of this interaction has been shown using electrospray ionization mass spectroscopy (ESI-MS) [18] , X-ray photoelectron spectroscopy (XPS) [19] [20] [21] and in X-ray absorption spectroscopy [22, 23] .
Few XPS publications are available in the field of HS studies [24] [25] [26] [27] . The literature concerning the XPS investigation of iodine compounds is very limited, except the studies of Bernede et al. [28] concerning the characterization of electrochemically synthesized polycarbazole post-doped with iodine. The lack of papers concerning the spectroscopic characterization of HS and iodine is probably due to the analytical difficulties induced by the sensitivity under beam of the organic matter and of the halogen compounds.
Nevertheless, in some of the latter studies, the characterization of the final reaction products did not satisfied the authors completely as total separation from I − could not be achieved. Thus, further studies were undertaken using other samples: natural humic and fulvic extract from Gorleben (Gohy 573) and synthetic samples. Dialysis procedures were envisaged to improve the incomplete separation between the colloidal humic matter and the iodide ions either none reacted or produced by the reaction [6] . The iodination kinetics was followed in UV-visible spectrophotometry and XPS was used to determine the chemical environment of fixed iodine.
Materials

Samples
Humic and fulvic acids from Gorleben deep borehole Gohy-573 were obtained from Manfred Wolf (GSF-Forschungs-zentrum für Umwelt und Gesundheit GmbH, Germany), and synthetic samples were obtained from Susanne Sachs (Forschungsentrum Rossendorf e.V., Germany), through European project Humic Substances in Performance Assessment of Nuclear Waste Disposal: Actinide and Iodine Migration in the Far-Field (FIKW-CT-2001-00128 HUPA). Characterizations of these humic substances are available in [29, 30] . The samples were used as received and no further purification was done. Weighted samples were dissolved in 10 −4 NaOH (pH ≈ 10) in order to obtain a thorough dissolution of HA, to minimize the alkaline hydrolysis [31] , and to have all samples in the same conditions before iodination procedure.
The stock saturated solutions of 10 −3 mol/L I 2 (aq) [32] were prepared from bisublimed iodine (Prolabo). NaI was obtained from Merck. As iodination procedure are somewhat different from one experiment to another they will be described all through the following text.
Analytical techniques UV-visible spectrophotometry
UV-visible absorption data were obtained using a Cary 1 spectrophotometer (Varian). As in previous studies [6, 17] , kinetics of consumption of iodine by HS was monitored through the decrease in UV-visible absorbance of triiodide complex (I 3 − , λ = 351 nm) using mixes of I − /I 2 (aq). The stock solution of tri-iodide complex was composed of a saturated solution of iodine 2.66 × 10 −3 M, and 2.6 × 10 −2 M of NaI (Merck) in 0.1 M NaClO 4 (Prolabo) as background electrolyte. Formation of I 3 − occurs through the following reaction [32] :
X-ray Photoelectron Spectroscopy (XPS)
The XPS experiments were carried out with a VG Instruments ® 220i spectrometer, using a none monochromated Al K α X-ray source (incident energy: 1486.6 eV). A source power of 15 kV and of 20 mA was used. The dimensions of the X-ray beam were approximately 8 mm per 7 mm. The analysis chamber pressure was in the range of 10 −8 Torr. The binding energy (BE) resolution of the spectrometer was estimated to 0.2 eV. To avoid the degradation of the organic matter with the electron flood gun, no charge compensation was achieved during the XPS experiments and so all the BE values were corrected using the C1s signal of contamination carbon at 285 eV.
Results and discussion
UV-visible spectrophotometry
Firstly, the reaction pattern of the samples was verified.
The kinetics of the triiodide absorbance decrease caused by iodine consumption by Gohy 573 HA and FA at pH = 5 and [NaClO 4 ] = 0.1 M, are reported in Fig. 1 . Absorbance decrease is somewhat faster than in the previous studies on Mol and Aldrich samples [6] . As in previous cases, the kinetics cannot be linearalised in first order relative to pH, as it is the case for phenolic derivatives [14, 17] . Even if one could argue that all the phenolic moieties could not react with exactly the same kinetic, theory of kinetics teaches us that a sum of first order leads to an apparent first order kinetics. This was not observed here. Previous experiments have also shown that this reaction is influenced both by ionic strength and iodide concentration [6] . This may indicate that a potential barrier is to be overwhelmed as the negative potential of HS aggregates repels I 3 − . As a matter of fact, negative potential of humic aggregates increases when ionic strength decreases [33] . Hence, we can postulate that the kinetic control of the substitution reaction is not limited by the substitution reaction itself but rather by the approach of "reactive sites" by iodine.
The same experiments were performed on synthetic samples M1 and M42. Kinetic patterns are even faster than those of natural humic samples, as displayed in Fig. 2 . Kinetics of the different samples can be compared in Fig. 3 as they were acquired in comparable conditions at pH = 5, except for the Mol sample (pH = 6). It can be seen in Fig. 3 that kinetics increase from Aldrich to M42 samples. This behaviour can be related to the elementary ratio H/C, which in turn can be related to the aromaticity of the humic sample. The H/C ratios calculated from the elementary compositions of these samples are reported in Table 1 . Hence, the increase of the iodination kinetics can clearly be related to [30] the decrease of the H/C ratio, i.e. to the increasing aromaticity of the samples. The fact that of Mol 15B sample, which appears to be faster than Aldrich whereas its H/C value is somewhat higher, is not surprising knowing that the kinetics has a negative order in [H + ], i.e. it increases with pH [6, 17] .
The decrease of I 3 − absorption bands in the near UV region during iodination experiment when I − is present has already been identified [6, 17] . The release of I − due to the halogenation can also be evidenced in the UV region. The same experiment was performed firstly with Gohy-573 HA (20 ppm) and I 2 (aq) (10 −4 M) and no I − added in NaClO 4 0.1 M. Absorption spectra were acquired in the range 190-260 nm every 1.25 minutes (Fig. 4a) . Absorption spectra represent the cumulative spectra of I 2 Fig. 4b that not only the formation of I − can be evidenced but also the formation of the triiodide complex induced by the substitution reaction. Indeed, the kinetic is sufficiently low to let I − , produced by the substitution reaction, react with I 2 (aq) in so- lution and form the triiodide complex. The two bands at λ = 351 nm and λ = 288 nm, shifted by the presence of FA appear then clearly on Fig. 4b . Here again the increase in triiodide complex and the consumption of I 2 (aq) result in an isobestic point at λ = 408 nm 1 . Hence, the folloing mechanism is validated in the case of fulvic acid:
The reaction pattern of iodine with HS is thus verified and seems to be general for all samples. In the following, only the Gohy and Synthetic samples will be used for XPS analysis in order to have a deeper insight into its chemical environment.
X-ray photoelectron spectroscopy
To determine the chemical environment of iodine, the BE position of the core-level region I 3 d 5/2 of iodine was followed for all the humic substances, such as natural humic substances Gohy 573 (Fulvic Acid FA), and synthetic humic acids M1 and M42 contacted to diiodine solutions. The iodine 3d peaks were fitted with the software AVANTAGE (VG Instruments ® ), using a Gaussian-Lorentzian peak shape after substraction of the background with a Shirley baseline.
The preparation of the binary system humic substances/ diiodine consists in the contact of 50 mL of HS (stock solution: HS powder dissolved in NaOH and prepared in pH = 5 solution of concentration 2 g/L) with 50 mL of a diiodine solution of concentration 10 −3 mol L −1 . The solutions were then dialysed against pure water (3.5 kDa). The outer compartment was renewed until no I − could be detected in UV-visible spectrophotometry (limit of detection = 10 −5 M). The UV-visible spectrum shape of dialysed Gohy 573 HS show no noticeable difference compared to the original one in the case of HA (data not shown), and only a slight difference in the case of FA.
Original Gorleben HS were already analyzed in XPS, and no iodine was detected [34, 35] . The four humic substances samples contacted with diiodine were analyzed by XPS (humic and fulvic acids Gohy 573 and synthetic humic acids M1 and M42). As XPS is a solid investigation technique, the solution was progressively deposited on a glass slide and dried under hood until total solvent evaporation and sufficient covering of the surface.
The organic molecules and halogen compounds are known to be sensitive to the irradiation by the different beams and their characterization needs some care. In our experimental conditions, no obvious changes of the spectral features have been observed during the measurements, indicating the absence of radiation-induced damages.
Survey XPS spectra of Gorleben FA and HA are presented on Figs. 5a and b respectively. The major photoelectron peaks are attributed to carbon, nitrogen and oxygen. No metallic element can be detected in the samples except Na and Si probably both from glass slide and NaOH, indicat- ing that these humic substances scavenge few cations or that these elements are present under the detection limit of XPS. All the samples revealed the presence of iodine, as shown by the obvious I 3 d 5/2 signal (Figs. 5 to 7), and in comparison to the same samples that were not contacted with diiodine solutions (see [34, 35] for Gohy samples and Fig. 7 for M1 and M42 samples). Even if the signal to noise ratio of the I 3 d 5/2 peaks is relatively weak, the deconvolution of the I 3 d 5/2 peak indicates a single major contribution for each of the samples, owing to the symmetry and the FWMH of the photoelectron peak. The BE value of the characteristic I 3 d 5/2 peak for an iodine atom implying iodide (BE ≈ 619.3-619.7 eV) iodate (BE = 623.5-624 eV) and for organic molecules (BE = 620-621.4 eV) have already been determined [20, 21, 36, 37] (see Table 2 ). Hence, for the FA and HA samples, the major contribution at 620.8 eV permits us to exclude the presence of either I(V) or I(−I). This verifies the results obtained in UV-visible of iodinated samples after dialysis. These results further confirm that iodine atoms are linked by covalent bonding in natural organic matter [19] [20] [21] [22] [23] . As XPS is not a trace element analysis technique, the presence of iodine revealed in the humic substances samples suggests that the proportion of organically bound iodine is more than the detection limit, i.e. 1% in mass for iodine.
Conclusion
These results confirmed that iodine can be fixed to HS through covalent bonding, from natural to synthetic samples. Even if iodination kinetics could neither be correlated linearly to [H + ] nor to the HS concentration, the H/C ratio, and thus the aromaticity of the sample, has been identified as a key factor. The UV-visible analysis clearly showed that the consuming of molecular iodine leads to the formation of iodide and triiodide complex confirming the electrophilic substitution mechanism.
Hence, through this study it is suggested that combination of techniques, such as UV-visible and XPS, can bring complementary information even on complicated systems such as iodine and HS, in terms of mechanism elucidation and XPS characterisation of organic matter and halogens.
